In bladder outlet obstruction (BOO), mechanical stress and ischemia/hypoxia are implicated in structural and functional alterations of the urinary bladder. Because mechanical stress and hypoxia may trigger endoplasmic reticulum (ER) stress, we examined involvement of ER stress in the damage of the bladder caused by BOO. An experimental model of BOO was established in rats by complete ligature of the urethra for 24 h, and bladders were subjected to northern blot analysis and assessment of apoptosis. Isolated urinary bladders and bladder-derived smooth muscle cells (BSMCs) were also exposed to mechanical strain and hypoxia and used for analyses. To examine involvement of ER stress in the damage of the bladder, the effects of a chemical chaperone 4-phenylbutyrate (4-PBA) were evaluated in vitro and in vivo. Outlet obstruction for 24 h induced expression of ER stress markers, GRP78 and CCAAT/enhancer-binding protein-homologous protein (CHOP), in the bladder. It was associated with induction of markers for mechanical stress (cyclooxygenases 2) and hypoxia (vascular endothelial growth factor and glyceraldehyde-3-phosphate dehydrogenase). When isolated bladders and BSMCs were subjected to mechanical strain, induction of GRP78 and CHOP was not observed. In contrast, when BSMCs were exposed to hypoxic stress caused by CoCl 2 or thenoyltrifluoroacetone (TTFA), substantial upregulation of GRP78 and CHOP was observed, suggesting involvement of hypoxia in the induction of ER stress. In the bladder subjected to BOO, the number of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling-positive cells increased in the epithelial cells and BSMCs. Similarly, treatment with TTFA or CoCl 2 induced apoptosis of BSMCs, and 4-PBA significantly attenuated ER stress and apoptosis triggered by these agents. Furthermore, in vivo administration with 4-PBA significantly reduced apoptosis in the bladder subjected to BOO. These results suggested that outlet obstruction caused ER stress via hypoxic stress in the bladder and that hypoxia-triggered ER stress may be involved in the induction of apoptosis in BOO.
Bladder outlet obstruction (BOO) is a common outcome of benign prostatic hypertrophy, urethral stricture and congenital anomalies of the posterior urethral valve. Regardless of these initial causes of BOO, compensatory responses occur in the bladder, leading to its dysfunction and structural alterations including reduced bladder elasticity and micturitional problems. [1] [2] [3] Histopathologically, bladders respond to the obstructive stress by cell proliferation, cellular hypertrophy and accumulation of extracellular matrix. If the stress is beyond the capacity of the compensatory responses, the cells undergo apoptosis. Although multiple triggers and mediators have been postulated to contribute to the remodeling of the bladder, 1 the signaling mechanisms involved have not been fully elucidated. Several previous reports suggested that excessive distension of the bladder caused ischemia and consequent hypoxia, which may be one of the major triggers to induce bladder dysfunction in BOO. 2, 3 Hypoxia may also trigger the proapoptotic machinery in the bladder, leading to cellular and tissue damage. Another line of evidence suggested that mechanical stress on the bladder wall may cause bladder hypertrophy and detrusor overactivity. The repetitive stretch of bladder smooth muscle cells (BSMCs) resulted in their structural and functional alterations via the activation of stretch-activated ion channels and several kinases, including protein kinase C and c-Jun N-terminal kinase (JNK), leading to the expression of an array of genes including cyclooxygenases 2 (COX-2). 4 However, molecular mechanisms underlying BOO-associated cellular dysfunction are still largely unknown.
Previous reports suggested that in other organs, mechanical stress and hypoxia trigger a particular stress response, the endoplasmic reticulum (ER) stress response. ER stress is defined as the accumulation of unfolded or misfolded proteins in the ER, which induces a coordinated adaptive program called unfolded protein response (UPR). UPR alleviates ER stress by suppression of protein synthesis and facilitation of protein folding via induction of ER chaperones, including 78 kDa glucose-regulated protein (GRP78) and reinforced degradation of unfolded proteins. If the stress is beyond the capacity of the adaptive machinery, however, the cells undergo apoptosis via several mechanisms, including the induction of CCAAT/enhancer-binding protein-homologous protein (CHOP). 5 A recent report showed that ER stress was involved in the induction of apoptosis of cardiomyocytes during cardiac pressure overload caused by aortic constriction. 6 Other recent reports also indicated involvement of ER stress in the ischemic/hypoxic insults in the brain and heart. 7, 8 In the present investigation, we aimed at testing our hypothesis that under the outlet obstruction, ER stress may be induced in the bladder via mechanical stress or hypoxia and thereby contribute to apoptotic tissue injury. Using cultured BSMCs, isolated bladders and an in vivo model of BOO, we here demonstrate that (1) BOO causes ER stress in the bladder, (2) the induction of ER stress is not via mechanical stress but via hypoxic stress and (3) hypoxia-triggered ER stress may be involved in the induction of apoptosis in the bladder suffered from BOO.
MATERIALS AND METHODS Reagents
CoCl 2 and sodium 4-phenylbutyrate (4-PBA) were purchased from Wako Pure Chemical Industries (Osaka, Japan). 2-Thenoyltrifluoroacetone (TTFA), Hoechst33258, 4 0 ,6-diamidino-2-phenylindole (DAPI), tunicamycin and thapsigargin were obtained from Sigma-Aldrich Japan (Tokyo, Japan).
Establishment of BSMCs
BSMCs were established from the bladder of female SpragueDawley rats as described previously. 9 The bladder body was placed on ice, and the outer layers (tunica serosa and tunica adventitia) and the inner layers (tunica intima and the epithelium) were removed. The remaining tunica media was also removed with a cotton swab. The smooth muscle layer was then incubated with shaking at 371C for 30 min in phosphate-buffered saline containing 0.2% trypsin. After the incubation, the tissue was minced and suspended in Dulbecco's modified Eagle's medium nutrient mixture F-12 (DMEM/ F-12; GIBCO-BRL, Gaithersburg, MD, USA) supplemented with 0.1% collagenase using Pasteur pipettes. The suspension was further incubated at 371C for 30 min and centrifuged for 5 min. The pellet was resuspended in DMEM/F-12 containing 10% fetal bovine serum (FBS) and centrifuged at 250 G for 2 min, and the supernatant fraction containing BSMCs was used for culture. The SMC-phenotype of the established cells was confirmed by positive staining for a-actin. 10 The cells between the 11-20th passages were used for experiments.
Experimental Model of BOO Female Sprague-Dawley rats (190-240 g) were anesthetized with sodium pentobarbital (10 mg/kg), and BOO was established by a tight ligature of the proximal urethra using a 4-0 silk thread. After 24 h, bladders were isolated and subjected to northern blot analysis and histological analysis. For the latter, frozen sections were prepared and used for immunohistochemistry, hematoxylin-eosin staining and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL), as described later. Sham operation was performed without ligature of the urethra. To examine the effects of 4-PBA, rats were administered daily with either ethanol or 4-PBA (120 mg/kg, i.p.) for 3 days prior to BOO. Experiments were conducted with the approval of the committee for animal experiments at the University of Yamanashi. Animals were treated humanely and with regard for alleviation of suffering.
Ex Vivo Model of Mechanical Stress on the Bladder RPMI1640 medium (3 ml; GIBCO-BRL) was injected into the bladder in vivo through a 22F angiocatheter (B Braun Melsungen AG, PA, USA) cannulated into the urethra in anesthetized female rats. After the injection, the urethra was tied up tightly with a ligature, and the distended bladder was isolated. The isolated bladder was incubated at 371C for 6 h in an organ bath apparatus filled with Krebs-Henseleit solution (NaCl 113 mEq, KCl 4.7 mEq, CaCl 2 2.5 mEq, MgSO 4 1.2 mEq NaHCO 3 25 mEq, KH 2 PO 4 1.2 mEq and glucose 11.5 mEq) supplied with 95% O 2 and 5% CO 2 and subjected to northern blot analysis, as described later.
In Vitro Model of Mechanical Stress on BSMCs
BSMCs suspended in DMEM/F-12 containing 1% FBS were seeded on deformable silicone chambers precoated with type I collagen. After achieving 90% confluency, cells were subjected to static mechanical stretch by 40% for up to 24 h using special metal frames, 11 as described previously.
Northern Blot Analysis
Total RNA was extracted by a single-step method, and northern blot analysis was performed as described before.
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Bladder outlet obstruction and ER stress N Sawada et al cDNAs for GRP78, 13 CHOP, 14 COX-2, 15 vascular endothelial growth factor (VEGF), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 28S ribosomal RNA (American Type Culture Collection, Manassas, VA, USA) were used for preparation of radio-labeled probes. Densitometric analysis was performed using Scion Image (Scion Corporation, Frederick, MO, USA).
Assays for Apoptosis
Morphological examination was performed by phase-contrast microscopy and fluorescence microscopy. For the latter, cells were fixed in 2% formaldehyde for 10 min and stained with Hoechst33258 (10 mg/ml) for an additional 30 min. Apoptosis was identified using morphological criteria including shrinkage of the cytoplasm (round shape) and nuclear condensation. Assays were performed in quadruplicate. TUNEL assay was also performed to identify apoptotic cells in the bladder using Apoptosis Detection System, Fluorescein (Promega, Madison, WI, USA), as described previously. 16 Nuclei were stained with DAPI.
Immunocytochemistry and Immunohistochemistry
For immunochemistry, cells and tissue sections (frozen sections) on glass slides were fixed in 4% formaldehyde for 10 min and permeabilized in 0.2% Triton-X-100 for 5 min. Staining of a-actin was performed using an anti-a smooth muscle actin antibody (Sigma-Aldrich Japan).
Statistical Analysis
Data were expressed as means ± s.e. Statistical analysis was performed using the non-parametric Mann-Whitney U-test to compare data in different groups. P-value o0.05 was considered to indicate a statistically significant difference.
RESULTS

Induction of Mechanical Stress, Hypoxic Stress and ER Stress in the Bladder by Outlet Obstruction
In BOO, mechanical strain and ischemia/hypoxia have been regarded as triggers that cause structural and functional alterations in the bladder. Because mechanical stress and hypoxia have the potential to induce UPR, ER stress caused by these factors may contribute to the damage of the bladder in BOO. To test this hypothesis, we first examined induction of mechanical stress, hypoxic stress and ER stress in the bladder subjected to BOO. An experimental model of BOO was established as described in Materials and Methods, and after 24 h, expression of endogenous indicators for individual stress was evaluated by northern blot analysis. The indicators used were COX-2 for mechanical stress, 17 GAPDH and VEGF for hypoxic stress [18] [19] [20] and GRP78 and CHOP for ER stress. 7, 21 Northern blot analysis showed that, compared with untreated and sham-operated rats, rats subjected to BOO exhibited induction of COX-2 (Figure 1a ), GAPDH and VEGF (Figure 1b) in the bladders. The induction of mechanical and hypoxic stress was in parallel with induction of GRP78 and CHOP (Figure 1c) . These results suggested that BOO induced mechanical stress and hypoxic stress in the bladder, which was associated with induction of ER stress.
Involvement of Hypoxic Stress, but not Mechanical Stress, in the Induction of ER Stress by BOO In the heart, mechanical stress caused by pressure overload induces ER stress that contributes to apoptosis of cardiocytes and heart failure. 6 To examine whether mechanical stress is causative of the induction of ER stress by BOO, the bladders were distended in vivo by instillation with solution ( Figure 2a) . Distended bladders were then isolated and incubated ex vivo for 6 h in an organ bath apparatus, and expression of GRP78 and CHOP as well as COX-2 was evaluated. Northern blot analysis showed that substantial expression of COX-2 was observed, suggesting the induction of mechanical stress (Figure 2b , top row). Under this experimental condition, however, induction of GRP78 and CHOP was not observed (Figure 2b , second and third rows), suggesting that induction of ER stress in BOO was not due to mechanical stress. To further confirm this conclusion, BSMCs were established from bladders, and effects of mechanical stress on the expression of ER stress markers were evaluated using an (Figure 2c , right). BSMCs were then cultured on deformable silicone chambers ( Figure 2d ) and stretched by 40% for 9-24 h. Consistent with the result of the ex vivo experiment using isolated bladders, expression of GRP78 and CHOP was not induced in BSMCs (Figure 2e ). Of note, stretching by more than 40% caused detachment of the cells from the silicone chambers. ER stress is induced by a variety of triggers including hypoxia. 7 We examined a possible role of hypoxia in the induction of ER stress by BOO. For this purpose, BSMCs were exposed to agents that mimic hypoxia in vitro. TTFA and CoCl 2 were used for this purpose. TTFA mimics hypoxia by inhibiting the Q reduction site of mitochondrial respiratory complex II, 22 and CoCl 2 does so by stabilizing hypoxia-inducible factor-1a. 23 As shown in Figure 3a , treatment of BSMCs with TTFA or CoCl 2 significantly induced VEGF, confirming induction of hypoxia. Under this experimental condition, expression of GRP78 and CHOP was also induced by TTFA or CoCl 2 dose-dependently (Figure 3b) . These results suggested a possibility that induction of ER stress in the bladder was due to hypoxia but not mechanical stress.
Induction of Apoptosis in the Bladder by BOO
As demonstrated, BOO caused ER stress in the bladder. ER stress is known to induce apoptosis in various cell types through activation of caspase-12, phosphorylation of JNK and/or induction of CHOP. 24 To examine whether or not outlet obstruction causes apoptosis in the bladder, TUNEL assay was performed. Fluorescence microscopy showed that in control bladders, TUNEL-positive cells were hardly detected (Figure 4a, left) . In contrast, in the bladders subjected to BOO, a number of TUNEL-positive apoptotic cells were observed (Figure 4a, right) . Double-staining with a-actin showed that the TUNEL-positive apoptotic cells were located in both the a-actin-positive smooth muscle layer and the a-actin-negative epithelial layer (Figure 4b ).
Induction of Apoptosis in BSMCs by Hypoxic Stress
As shown in Figure 3 , hypoxia caused ER stress in BSMCs. We examined whether hypoxia has the potential to induce apoptosis in BSMCs. Cultured BSMCs were exposed to 500 mM TTFA or 1000 mM CoCl 2 for 8 h and subjected to phase-contrast microscopy and Hoechst staining. As shown in Figure 5a , both TTFA and CoCl 2 caused shrinkage of the cytoplasm (top row) and nuclear condensation (middle and Figure 2 Lack of involvement of mechanical stress in the induction of ER stress in the bladder. (a, b) Bladders were distended in vivo by instillation with solution, and isolated bladders (a) were incubated ex vivo for 6 h in an organ bath apparatus. After the incubation, nondistended (Cont) and distended (Dist) bladders were subjected to northern blot analysis of COX-2, GRP78 and CHOP (b). (c) Characterization of primary culture of BSMCs by phase-contrast microscopy (left) and fluorescent microscopy for a-actin (right). (d, e) BSMCs were cultured on a deformable silicone chamber (d) and stretched via elongation of the chamber by 40% for indicated time periods (e). Expression of GRP78 and CHOP was examined by northern blot analysis.
Bladder outlet obstruction and ER stress N Sawada et al bottom rows) typical of apoptosis. To examine the magnitude-dependent effects of hypoxic stress, BSMCs were exposed to TTFA or CoCl 2 at serial concentrations and subjected to Hoechst staining to evaluate percentages of apoptotic cells. Significant induction of apoptosis was observed by TTFA at concentrations Z50 mM (Figure 5b ) and by CoCl 2 at concentrations Z250 mM (Figure 5c ). Apoptosis over 80% was achieved at 500 mM of TTFA and 1000 mM of CoCl 2 , respectively.
Attenuation of Hypoxia-Induced Apoptosis In vitro and BOO-Induced Apoptosis In vivo by Chemical Chaperone
In vitro, hypoxic stress caused apoptosis of BSMCs. To investigate whether ER stress is involved in the induction of apoptosis caused by hypoxic stress, a chemical chaperone was used to attenuate ER stress. A previous report showed that 4-PBA facilitates normal trafficking of mutant proteins from the ER to the plasma membrane. 25 Other reports also showed that 4-PBA has chemical chaperone activity and protects the brain against ischemic injury and ER stress-induced neuronal death in vivo and in vitro. 26, 27 Using 4-PBA, we first examined whether ER stress triggered by tunicamycin and thapsigargin, known inducers of ER stress, is attenuated by 4-PBA in BSMCs. BSMCs were pretreated with 4-PBA and stimulated with tunicamycin or thapsigargin for 8 h. Northern blot analysis revealed that 4-PBA reduced induction of GRP78 and CHOP by the ER stress inducers (Figure 6a, left) . Consistent with this result, Hoechst staining revealed that 4-PBA significantly suppressed apoptotic cell death induced by tunicamycin (Figure 6a, right) . On the basis of these results, we next examined whether or not hypoxia-induced ER stress and apoptosis can be attenuated by 4-PBA. As shown in Figure 6b , treatment with TTFA induced expression of GRP78 and CHOP, and pretreatment of the cells with 4-PBA suppressed this induction. Furthermore, microscopic analysis revealed that cellular damage induced by TTFA or CoCl 2 was attenuated by treatment with 4-PBA (Figure 6c ). Quantitative analysis using Hoechst staining showed that both TTFA-and CoCl 2 -induced apoptosis was significantly decreased by treatment with 4-PBA (Figure 6d) . The decreases in percentages of apoptotic cells were from 33.3 ± 2.6 to 21.6 ± 6.0% in TTFA-treated cells and from 30.0 ± 5.9 to 15.4 ± 1.3% in CoCl 2 -treated cells (means ± s.e., Po0.05). These results suggested the involvement of ER stress in hypoxia-induced apoptosis of BSMCs.
To investigate whether ER stress triggered by hypoxia is also involved in the induction of apoptosis by BOO, the in vivo effects of 4-PBA were tested. Rats were administered intraperitoneally with 4-PBA for 3 days, and bladders were subjected to BOO for 24 h. TUNEL assay showed that induction of apoptosis by BOO was attenuated by 4-PBA (Figure 7a ). The percentage of apoptotic cells in the BOO group without 4-PBA was 5.5±1.1% per high-power field, and treatment with 4-PBA significantly reduced the apoptosis to 1.4 ± 0.7% per field (means ± s.e., Po0.05) (Figure 7b ). This result suggested that ER stress triggered by hypoxia may be involved in the induction of apoptosis in the bladder suffered from BOO.
DISCUSSION
In the present study, we provide the first evidence for induction of ER stress in the bladder subjected to BOO. We suggest a possibility that ER stress is caused not via mechanical stress but through hypoxic stress and that hypoxia-induced ER stress is causative of apoptotic cell death in the bladder following outlet obstruction.
The presence of hypoxia in the models of BOO has been documented by several investigators. For example, Levin et al 28 reported that, in a rabbit model of BOO, focal hypoxia Figure 3 Involvement of hypoxic stress in the induction of ER stress in BSMCs. Cultured BSMCs were exposed to serial concentrations of TTFA or CoCl 2 for 8 h, and expression of VEGF (a), GRP78 and CHOP (b) was examined by northern blot analysis.
Bladder outlet obstruction and ER stress N Sawada et al Figure 4 Induction of apoptosis in the bladder by BOO. (a) Control bladders (Cont) and bladders subjected to BOO for 24 h (Ob) were examined histologically by hematoxylin-eosin staining (HE), DAPI staining and TUNEL. (b) Bladders from BOO rats were double-stained with a-actin (red) and TUNEL (green) and subjected to fluorescent microscopy. Apoptotic non-BSMCs (green) and apoptotic BSMCs (yellow) were indicated by arrows and arrowheads, respectively.
Bladder outlet obstruction and ER stress N Sawada et al was detected in the detrusor smooth muscles and subserosal regions of the bladders. They also showed that it was associated with decreased contractile function and selective metabolic dysfunction of smooth muscles. Of note, hypoxia was not observed in the bladder mucosa. 28 Azadzoi et al reported (1) bladder filling caused a significant decrease in blood flow and oxygen tension even without outlet obstruction and (2) spontaneous bladder contraction resulted in a decrease in bladder wall perfusion in the obstructed bladder. 3 In consistence with these previous reports, our current results showed upregulation of hypoxic stress markers, GAPDH and VEGF, in the bladder subjected to BOO.
Hypoxia is known to induce ER stress in various cells and tissues and thereby regulates cell survival. 7 For example, ischemic/hypoxic insults in the brain and heart caused ER stress-dependent apoptosis of resident cells and thereby induced injury and dysfunction of these organs. 8 However, molecular mechanisms involved in the hypoxia-triggered ER stress have not been fully elucidated. In yeasts, dedicated machinery of molecular chaperones and foldases that associate directly with nascent polypeptides assists correct folding of proteins. Foldases catalyze formation of disulfide linkages by transiently forming mixed disulfides with their client proteins and acting as an electron relay system for oxidative Bladder outlet obstruction and ER stress N Sawada et al Bladder outlet obstruction and ER stress N Sawada et al folding. 29 Molecular oxygen is the major electron acceptor at the end of this relay system, providing the driving force for protein folding in the ER. In mammalian cells, this pathway may be similarly dependent on molecular oxygen, and folding of proteins in the ER may be disturbed in the absence of oxygen (hypoxia), 30 leading to an accumulation of unfolded proteins in the ER.
In this report, we showed that hypoxia-triggered ER stress was involved in the induction of apoptosis by BOO. Under ER stress conditions, several death signals may be transduced Bladder outlet obstruction and ER stress N Sawada et al and contribute to apoptosis. For example, CHOP, also called growth arrest and DNA damage-inducible protein 153, is upregulated via transcription factor 4, which is induced by the RNA-dependent protein kinase-like ER kinase-eukaryotic translation initiation factor 2a pathway. 24 We found that CHOP was induced in the bladders subjected to BOO, indicating a possible contribution of this molecule to BOOtriggered, hypoxia-and ER stress-mediated apoptosis. ER stress also activates ER stress-specific caspase-12 localized at the ER membrane through an interaction with inositolrequiring ER-to-nucleus signal kinase 1 (IRE1) and tumor necrosis factor receptor-associated factor 2 (TRAF2). In humans, the caspase-12 gene is a pseudogene, and caspase-4 functions as an ER stress-specific caspase. The IRE1-TRAF2 interaction also allows for recruitment and activation of apoptosis signal-regulating kinase 1 and downstream JNK, both of which are involved in a variety of apoptotic pathways. 24 Further investigation will be required to identify the exact branches of UPR and downstream molecules responsible for the induction of apoptosis.
4-PBA is a low molecular weight compound that stabilizes protein conformation, improves folding capacity of the ER and facilitates trafficking of mutant proteins. 31 4-PBA has been demonstrated to reduce the load of mutant or mislocated proteins retained in the ER under conditions associated with cystic fibrosis and liver injury. 25 It is also reported that 4-PBA has a neuroprotective effect on cerebral ischemic injury in a mouse model of ischemia/hypoxia. 27 In the present study, we showed that 4-PBA attenuated hypoxiainduced apoptosis in BSMCs. Furthermore, we also demonstrated that systemic administration with 4-PBA at a therapeutic dosage reduced the number of apoptotic cells in outlet-obstructed bladder. This result suggested an in vivo role of ER stress in the induction of apoptosis by BOO. However, the mechanisms by which 4-PBA elicits proper maturation of unfolded proteins have not been fully elucidated, and further investigation may be required to confirm our conclusion.
The chemical chaperone 4-PBA is a safe agent that has already been approved by the US Food and Drug Administration for the treatment of urea cycle disorders in children, thalassemia and cystic fibrosis. 32 ER stress-induced apoptosis plays crucial roles in the pathogenesis of a number of human diseases, including hypoxia and ischemia, viral infection, neurodegenerative disorders, drug-induced tissue injury, and metabolic diseases such as diabetes mellitus. 7 Our present data, together with previous reports, showed that apoptosis is induced in both urothelial cells and smooth muscle cells and may contribute to hypocellularity and fibrosis in the outlet-obstructed bladders. 33, 34 Although currently pathological significance of apoptosis in the bladder during the course of BOO is not determined, our present findings indicated a possibility that chemical chaperones have the potential to attenuate functional and/or histopathological abnormalities observed in the bladders suffered from outlet obstruction.
